Abstract: Emulsion inversion produced by a change in temperature usually takes place reversibly, ie at the same temperature whatever the direction of change. The present study indicates previously unreported hysteresis in a transitional inversion driven by a temperature variation in a non-ionic system containing Tween surfactant mixtures. In both directions of the temperature variation, a delay is exhibited with respect to the standard phase inversion temperature of the equilibrated system. The width of the hysteresis region depends on the rate of temperature change. This behaviour, which does not happen in the presence of alcohol, is attributed to the presence of liquid crystals.
INTRODUCTION
The morphology of an emulsion produced by stirring a surfactant-oil-water (SOW) system is closely linked to its physicochemical formulation and composition. [1] [2] [3] A change in any of these variables can induce emulsion inversion. It is well known that variation of the waterto-oil ratio (WOR) generates a so-called catastrophic inversion, 4 which in most cases, exhibits a delayed inversion with respect to the standard inversion, ie the boundary between the regions where the two types of emulsions are attained upon stirring equilibrated systems. 1 Because this delay occurs in both directions of change, the formulation-composition diagram displays a hysteresis zone in which the emulsion type depends on the direction of change. [5] [6] [7] [8] [9] [10] However, the so-called transitional inversion resulting from a change in formulation, including temperature, as in the phase inversion temperature (PIT) emulsification process, 11, 12 generally takes place at the so-called optimum formulation for three-phase behaviour, whatever the direction of change and without any delay, [13] [14] [15] with very few exceptions. [16] [17] [18] This absence of delay is generally attributed to the high instability of the emulsion in the neighborhood of optimum formulation, 19, 20 which has been explained by different mechanisms. [21] [22] [23] Because the occurrence of a delay can modify the emulsion properties, as in paints' or cosmetics' manufacturing, any exception to the nondelay rule is worth investigating. This paper exposes previously unreported evidence of delay in temperature-driven transitional inversion.
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EXPERIMENTAL
In all experiments, the surfactant-oil-water systems contain 24 ml of a kerosene cut oil (EACN = 8.2) as the oil phase and 29 ml of a 1 g dl À1 NaCl brine as the aqueous phase. Blends of surfactants (2.8 g) with an hydrophilic lipophilic balance (HLB) value of 11.6 were prepared with surfactants from the Tween series (0.85 wt% Tween 85 with HLB = 11 and 0.15 wt% Tween 80 with HLB = 15 supplied by Sigma Chemical Co).
Systems labeled SOW only contain surfactant, oil and water, while SAOW systems also contain 2.5 ml of sec-butanol as co-surfactant. sec-Butanol was used because its influence upon the system can be studied while keeping the physicochemical formulation practically unchanged, because the alcohol effect on the physical chemistry of the system is essentially nil. 25, 26 The experiments were carried out in a 4.57 cm internal diameter 100 ml glass emulsification vessel, fitted with four stainless steel baffles. The system was kept under continuous stirring by an electric mixer (Caframo, Model BDC6015) whose three-blade propeller turbine (diameter 1.93 cm) was set to rotate at 1500 rev min À1 . The dynamic inversion was induced by increasing or decreasing the temperature of the emulsification cell in a monotonous way, according to a set rate of change, by programming the temperature of the heatingcooling fluid circulating in the vessel jacket. Before starting a dynamic inversion experiment, the system was left to pre-equilibrate at 8°C (respectively, 70°C) if the temperature was going to be increased (respectively, decreased), and the initial emulsification was carried out at this temperature.
Changes in emulsion morphology from O/W to W/O or vice versa, were detected by an abrupt change in emulsion conductivity, which was monitored through a digital conductivity meter from Radiometer Copehangen (model CDM210) equipped with a platinized-platinum cell (model XE130). The emulsion temperature was monitored through a resistivity sensor (model T201). All these instruments were connected to a computerized data acquisition system.
RESULTS AND DISCUSSION
The SOW system studied has a standard phase inversion temperature (PIT) of 38°C, the temperature at which the emulsion type obtained by stirring equilibrated systems switches from a W/O emulsion to an O/W emulsion (or vice versa). Furthermore, this temperature is the one at which the surfactant has the same affinity for both water and oil. 27 In absence of alcohol, the system exhibits three phases in equilibrium (oil, water and birefringent liquid crystals) over the entire temperature range studied (6-70°C). In the presence of alcohol, the phase behaviour does not exhibit liquid crystal occurrence but conventional Winsor types: Winsor I below 12°C, Winsor II above 38°C and Winsor III in between. The surfactant-rich phase is a liquid microemulsion in all these SAOW cases. Figure 1 shows the variation of conductivity of the SOW emulsified system when temperature is increased at two different rates. At the starting temperature (8°C) the emulsion is of the O/W type. As expected, its conductivity is found to increase as temperature rises. Then, a sudden change in conductivity indicates that the transitional inversion from O/W to W/O has taken place. In both cases this happens above the standard phase inversion reference temperature (PIT), and it may be said that the inversion is delayed. Figure 1 indicates that the delay depends on the rate of change of temperature: in effect, inversion takes place at 55°C (respectively, 80°C) when the rate of change of temperature is þ0.013°C s
À1
(respectively, þ0.050°C s
). The delay is thus found to increase as the rate of change of temperature is augmented. It is worth noting that the delay is not due to a heating system lag time, because the indicated value is the temperature measured in the bulk of the well-stirred emulsified system. Figure 2 reports the same type of data for the same system, but this time the inversion is induced by a decrease in temperature. At the original temperature (70°C), the emulsion conductivity is extremely low, indicating a W/O morphology. When the temperature decreases, the conductivity suddenly rises, as the inversion takes place at a temperature below the standard PIT. As in the case of temperature increase, there is a delay which depends on the rate of change of temperature. However, this time, it is the slower rate of change which results in the longer delay.
When similar rates of change are compared, eg þ0.013°C s À1 and À0.015°C s À1 , it is seen that the corresponding delays are 17°C and 26°C with respect to the standard PIT, thus resulting in a hysteresis zone extending over 40°C, a considerable range indeed, which has not previously been reported as far as we know. The unusual occurrence of such hysteresis behaviour may result from the formation of liquid crystals, often of the lamellar type at this surfactant concentration level (5 wt%), that form an onion skin multilayer structure which could be extremely efficient at stabilizing emulsions. 28, 29 Liquid crystals are observed in all these systems, and thus could contribute to delaying the inversion of the O/W emulsion by protecting the oil droplets from coalescence when the temperature is elevated. Similarly, during the cooling of the W/O emulsion, a liquid crystal encapsulation formed above the PIT could prevent the water droplets from coalescing, thus delaying the inversion. It is worth noting that this type of liquid crystal is not as well defined as that occurring before inversion in the previous case (temperature rise), and it is conjectured that they are less stable, and thus result in a shorter hysteresis.
This hypothesis is tested by changing the formulation to prevent liquid crystal formation. Because temperature is used as the scan variable, disorder is introduced by adding an alcohol co-surfactant, which is selected to be 2-butanol because of its high affinity for the interface without affecting the hydrophiliclipophilic balance, and for its branched structure which is likely to 'melt' mesophases. In this case, a clear microemulsion-excess oil-excess water threephase behaviour is found from 12 to 38°C, with no change in PIT (38°C). In all phase behaviour cases the surfactant-rich phase exhibits a low viscosity with no evidence of liquid crystals. Figure 3 displays the striking effect of such an addition of 5 vol% 2-butanol. Now dynamic inversion takes place exactly at the standard PIT (38°C) whenever transition is produced by increasing or decreasing the temperature, and whatever the heating or cooling rate. It can be said that the presence of 2-butanol, and concomitant lower tension and absence of liquid crystal, entirely eliminates the transitional inversion hysteresis, at least in the concentration domain studied. This is perfectly consistent with recent findings linking high interfacial mass transfer rate to low interfacial tension, [29] [30] and rapid emulsion inversion 31, 32 to the occurrence of SAOW microemulsion in the proximity of the three-phase behaviour.
CONCLUSIONS
Emulsions containing 5 wt% Tween surfactant exhibit a delay in the transitional phase inversion induced by a continuous variation of temperature. The shift with respect to the standard phase inversion temperature is found to depend on the rate of heating or cooling. This phenomenon, which is found to disappear when alcohol (2-butanol) is added to the system, is likely to be due to the stabilizing presence of encapsulating liquid crystals, and the low mass transfer because of high interfacial tension.
